Abstract: Anaerobically digested dairy manure (AD) has been proposed as an alternative nitrogen source to reduce soil nitrous oxide (N 2 O) emissions compared with raw dairy manure (RM). The aim of this research was to compare soil N 2 O emissions associated with AD and RM according to three application methods: surface broadcasting (SB), incorporation (SBI), and injection (INJ). The field experiment was conducted on a loam soil at Elora, ON, from November 2012 to November 2014, using a randomized block design with four replications. Manure was applied in mid-November (fall), and corn (Zea mays) was planted in late-May of each year. Nitrous oxide flux was measured using nonsteady state chambers sampled weekly or bi-weekly. Cumulative N 2 O emissions were significantly affected by the interaction between source and method (F = 3.99, P < 0.01), with the highest value for surface broadcast AD (6.4 kg N 2 O-N ha −1 ) and the lowest value for injected AD (2.6 kg N 2 O-N ha
Introduction
Global milk production increased by 23% from 2003 to 2013, which resulted in a 5.3% increase in greenhouse gas (GHG) emissions from dairy farms (Food and Agriculture Organization of the United Nations Statistics Division 2015). Although the dairy industry in Ontario (Canada) decreased its GHG emissions by 24% in 2011 compared with 1991, the dairy manure-induced N 2 O emissions have increased by 17% based upon unit of product (Jayasundara and Wagner-Riddle 2014) . About 30% of the carbon footprint of milk (GHG emission per unit of milk produced) on Ontario dairy farms is due to crop production with 23% of this contribution in the form of soil N 2 O emissions associated with manure application as fertilizer (Jayasundara and Wagner-Riddle 2014) . In Canada, 29% of the dairy manure is applied during fall due to practical reasons such as limited manure storage, time constraints, and (or) risk of soil compaction in the spring prior to growing season (Beaulieau 2004) . Fall application of liquid raw dairy manure has been proven to increase N 2 O emissions when compared with no nitrogen (N) application (Wagner-Riddle et al. 1997; Rochette et al. 2000; Hao et al. 2001; Kariyapperuma et al. 2012; Cambareri et al. 2017 ). However, anaerobically digesting the manure may be a mitigation strategy that could be used to reduce N 2 O emissions (Clemens et al. 2006 ; Lemke et al. 2012) .
Anaerobic digestion is a controlled biological process that results in the production of renewable and sustainable energy (biogas) and a stabilized digestate, which may be used as fertilizer if certain quality requirements are met such as low activity of pathogens and low content of heavy metals (Holm-Nielsen et al. 2009; Møller et al. 2009; Comparetti et al. 2013) . During the digestion, carbon (C) and N forms present in RM undergo numerous changes from complex organic compounds to simpler molecules (CO 2 and NH 4 + ), resulting in anaerobic digestate (AD), a substrate with a lower C/N ratio than RM (Möeller and Müller 2012) . In addition, AD often undergoes solid-liquid separation as the solid fraction is recycled as bedding (Baldé et al. 2016 ). Organic C contained in AD is less metabolizable and more stable than that of RM, which may limit soil microbial growth and oxygen demand, leading to an aerobic soil environment and limiting denitrification after land application (Petersen 1999 ). In addition, NH 4 + content in AD increases due to the digestion process (Möeller and Müller 2012) , enhancing its nutritive value (Arthurson 2009 ). It has been suggested that AD application is an alternative management practice to reduce N 2 O emissions; however, most studies have evaluated N 2 O emissions after a spring application of AD (Petersen 1999; Amon et al. 2006; Clemens et al. 2006) . Therefore, the effect of applying AD in fall, several months before crop uptake takes place, needs to be evaluated as an alternative technique to decrease N 2 O emissions.
Even though AD has been proposed as an alternative source of N to reduce N 2 O emissions relative to RM, there have been few field studies comparing the effect of these sources on N 2 O emissions. Clemens et al. (2006) found that cattle AD in Germany produced lower N 2 O emissions after field application compared with cattle RM and calcium ammonium nitrate over a 56 d period in pastures. Similarly, in a study performed in Saskatchewan (Canada), Lemke et al. (2012) reported a reduction in N 2 O emissions after fall application of swine AD compared with swine RM. In contrast, Amon et al. (2006) found no significant differences in N 2 O emissions between AD and untreated cattle slurry after applying approximately 100 kg N ha −1 in late summer. Clemens et al. (2006) and Amon et al. (2006) applied AD directly on the surface or banded on the surface, whereas Lemke et al. (2012) used an experimental applicator that injected AD at 10 cm depth. Manure is commonly broadcast followed by incorporation in fall, although injection or surface broadcasting also occurs (VanderZaag et al. 2011 ). We are not aware of any studies that have compared AD with RM across several methods for fall application. Both N 2 O emissions and crop yields can be affected by the method of manure application (Dosch and Gutser 1996; Ahmed et al. 2013) . The interaction between source of N and method of manure application should be considered as part of the framework for a mitigation plan. There are three primary methods for applying manure, including (i) surface broadcasting, (ii) surface broadcasting followed by immediate incorporation into the soil, and (iii) injection (Meisinger and Jokela 2000) . Even though injection is a recommended method to reduce ammonia volatilization losses (Dosch and Gutser 1996; Meisinger and Jokela 2000) and also increase crop yields (Ahmed et al. 2013 ), its effect on N 2 O emission from AD should also be investigated. Several studies reported significant increases in N 2 O emissions from liquid RM injection compared with other methods (Comfort et al. 1988; Dosch and Gutser 1996; Flessa and Beese 2000; Velthof et al. 2003; Cambareri et al. 2017) . Some studies evaluated N 2 O emissions and crop yields with AD application in cold climates but did not investigate possible interaction with the application method. For example, Lemke et al. (2012) found a consistent decrease in N 2 O emissions with swine AD, but an inconsistent response in barley (Hordeum vulgare) yields across years following fall or spring injection. Studies focusing on the interaction between N source and manure application method are needed to better understand N 2 O emission dynamics and crop growth after a fall application in cold climates where emission events due to spring thaw are significant (Wagner-Riddle and Thurtell 1998) . Under this framework, we hypothesize that AD will produce lower cumulative N 2 O emissions than RM across typical application methods due to its low organic C concentration.
The main goal of this study was to compare the effect of fall application of AD and RM using three application methods (broadcast, broadcast and incorporated, and injected) on N 2 O emissions. We aimed to evaluate (1) whether the effect of manure application method on yearly cumulative N 2 O emissions varied according to the source of manure used (AD or RM); (2) whether the proportion of N emitted as N 2 O (emission factor, EF), crop yield, yield-scaled N 2 O emissions (N 2 O intensity), and N uptake changed according manure application method and source.
Materials and Methods

Experimental site and set up
The study was conducted from 2012 to 2014 at the Elora Research Station (University of Guelph), Elora, ON, Canada (43.85°N, −80.42°W). The historical average precipitation is 874 mm, and the average temperature is 6.7°C (period 1981-2010) for this site. A new field was chosen each fall to establish the experimental plots, and measurements were conducted from November to October. The soils of the experimental site belong mostly to the Guelph loam series, classified originally within the group of grey-brown podzolics according to the Canadian System of Soil Taxonomy (Hoffman et al. 1963 (Ngwabie et al. 2014) . The process of manure management and AD production was as follows: (i) RM was pumped into a mixing tank along with off-farm organic materials such as onion and banana peals, chicken nuggets, sugar water from a cookie manufacturing facility, and dairy solid dairy manure; (ii) the mixture was pumped into a two-stage anaerobic digester in which it was retained for 60 d, with the digester operating at 35-37°C; and (iii) the liquids were separated from the solids, and then liquids were transferred to a concrete storage tank. The application methods were as follows: (i) surface broadcasting (SB), which consisted of spreading directly onto the soil and leaving either RM or AD on the soil surface; (ii) surface broadcasting followed by incorporation (SBI) with a C-tined sweep-tooth cultivator to a 12 cm depth within 2 h after application; (iii) injection (INJ) was performed using a traveling shoe plus a disk opener with injection lines spaced at 75 cm width and 20 cm depth. The equipment available did not allow for placement of manure in SBI and INJ treatments at the exact same depth, but we considered that the difference in depths was small (20 vs. 12 cm) and did not have a major influence on N 2 O emissions, as found by Maharajan and Venterea (2014) .
An average volume of 50.2 m 3 of manure was applied every fall with a target application rate of 150 kg N ha −1 according to total N (TN, %) in samples previously collected from the storage tanks. To check for the consistency of TN analysis of the manure, four samples were collected during each application. The manure samples were analyzed by the Agri-Food Laboratories (SGS, Guelph, ON, Canada). Variations from the targeted rated occurred due to differences in the manure-N concentration between sampling from the storage tank prior to application and in the field during application (Table 1) . Therefore, N rate was included as a covariate in the statistical analyses as explained below.
N 2 O gas sampling and flux calculation
Nitrous oxide fluxes were sampled 34 times in each year, using nonsteady-state circular chambers. An experimental unit of one chamber per plot was used, with chambers centered between corn rows and over the injection band in the INJ treatment. The frequency of sampling was weekly from November to December, twice per month from January to February, weekly from March to mid-May, biweekly from mid-May to July, and weekly until harvest. The nonsteady-state chambers consisted of a combination of collar plus lid and these were designed following protocols and guidelines suggested in previous studies (Rochette and Bertrand 2008; Parkin and Venterea 2010; Snider et al. 2015) . Soon after every manure application, PVC collars (44.2 cm inner diameter × 19 cm height) were buried in the soil to a 9-13 cm depth; the headspace volume was measured regularly in each collar and used in the flux calculations. Collars were removed 1 d before manure application and re-inserted 1 d after manure application. Aluminum bubble foil-covered PVC lids (44.2 cm inner diameter × 8.3 cm height) were placed over the collars to enable the collection of gas samples from each plot. Syringes (20 mL polypropylene; Becton Dickinson, Rutherford, NJ, USA) were used to extract the gas samples through a lid sampling port at four times (0, 12, 24, and 36 min) during chamber deployment, and these samples were injected into 12 mL pre-evacuated (−10 mbar) glass vials (Labco, High Wycombe, UK). The gas samples were analyzed on a Varian 3800 gas chromatograph (GC, Varian, Mississauga, ON, Canada) fitted with a Combi-PAL autosampler as described by Drury et al. (2006) and Guo et al. (2011) at the Agriculture & Agri-Food Canada research station in Harrow, ON, Canada.
Nitrous oxide fluxes were calculated using the equation ), R is the universal gas constant (8.314 J mol
), T is the absolute temperature (K), and k is a constant (14.4 g μg −1 m 2 ha −1 min d −1 ) to obtain the flux in g
. The slope dC/dt was calculated through a hybrid method that combined linear and quadratic approaches (Parkin et al. 2012 ) and the Hutchinson-Mosier equation (Hutchinson and Mosier 1981) . More details about the flux calculation method are given in Cambareri et al. (2017) .
Ancillary measurements
Soil samples were collected prior and during the corn growing season each year, from November 2012 to October 2013 (12 sampling dates) and from November 2013 to October 2014 (16 sampling dates). Samples were analyzed to determine soil ammonium (NH 4 + -N) and nitrate (NO 3 − -N) concentrations. Plots receiving SB and SBI treatments were sampled by taking eight soil subsamples with a sampler (0-15 cm depth) within a 1 m radius of the chamber. Plots receiving injection treatment had four subsamples taken from the injection zone and four subsamples taken outside the injection zone. These eight subsamples were thoroughly mixed in a bucket to obtain one sample per plot. The soils were stored frozen at −18°C until they were analyzed. Once thawed, samples were extracted under a protocol based on Maynard et al. (2008) by sieving the samples with a 4.75 mm mesh sieve and taking a 10 g soil subsample, adding 50 mL of a solution 2.0 mol L −1 of KCl, and shaking it for 1 h at 300 rev min −1 and then filtering the solution through filter papers (Whatman no. 42). An autoanalyzer (AACE 6.07 software, SEAL Analytical Inc., Mequon, WI, USA) was used to determine concentrations of NO 3 − -N and NH 4 + -N in the extracts. Additional soil subsamples (10 g) were placed in an oven at 105°C for approximately 24 h to determine soil water contents on a weight-loss basis. Ammonium and nitrate contents are reported on a dry-weight basis. A "Field Scout" timedomain reflectometer (TDR, model TDR 300, Spectrum Technologies, Inc., Plainfield, IL, USA) was used to manually measure volumetric water content (VWC) at eight points per plot at every gas sampling date for the 0-12 cm depth layer, except when there was snow present and (or) frozen soil conditions. Permanent TDR probes were used in eight plots, inserted into the soil at a 22°angle to capture the water contents in the 0-12 cm depth. All permanent TDR probes were connected to a datalogger (CR23X Micrologger, Campbell Scientific Inc.), which measured average VWC over 30 min. Soil bulk density (BD) was determined at the beginning of the experiment (November) and around harvest each year. Stainless steel cylinders (4.72 cm inside diameter × 5 cm height) were used to collect soil samples. The samples were dried at 105°C for 24 h and then weighed. Water-filled pore space (WFPS) was calculated for each plot using WFPS = VWC/(1 − (BD/PD)) × 100, where VWC is the volumetric water content (%), PD is the particle density (2.65 g cm −3 , Lynn and Doran 1984) , and BD is soil bulk density. WFPS was calculated for manually (field scout) and automatically (datalogger) measured VWC. Manual and automatic measurements were also made for soil temperature. For manual measurements, one 13.9 ± 0.025 2.6 ± 0.04 6.9 ± 1.31 0.38 ± 0.08 1360 ± 52 209.5
Note: Mean ± standard deviation. DM, dry matter; EC, electrical conductivity; OC, organic carbon; TAN, total ammoniacal nitrogen.
copper-constantan thermocouple was installed per plot to measure soil temperature at 5 cm depth during every gas sampling event. Data were read using a digital thermometer (Type J-K-T thermocouple, Model HH23, OMEGA) and manually recorded. Permanent thermocouples were buried at 5 cm depths in eight plots and connected to the datalogger (CR23X Micrologger, Campbell Scientific Inc.). Daily mean air temperature, precipitation, and barometric pressure were collected from the Elora Research Station weather station that is located ∼500 m from the experimental plots.
Plant sampling for grain yield
Corn grain yield (GY) and corn stover biomass (CSB) were determined at maturity by harvesting a 7.5 m 2 area (2 rows 5 m long and 0.75 m between rows), between the fourth and fifth row of each plot. Cobs were hand harvested, and stover was hand clipped and weighed in the field, thus, obtaining fresh weight. Subsamples of 10 cobs per plot were weighed and dried at 60°C. Dried ears were sheared and the kernels weighed. Grain yield was calculated as GY = m × FW × (DWs/FWs) × (c/A), where GY is grain yield (kg grain ha −1 ), m is the correction for moisture content (i.e., yields are reported at 15.5% moisture content), FW is the fresh weight of sample (g), FWs is the fresh weight of subsample (g), DWs is the subsample dry weight (g), c is a conversion factor (10 kg g −1 m 2 ha −1 ), and A is the harvested area (m 2 ). Stover subsamples from seven plants in each plot were weighed in the field, ground to coarse pieces, and then dried at 60°C until changes in weight over time were <0.05 g to determine CSB, which was calculated similarly to GY but expressed on a dry weight basis instead of 15.5% moisture.
Nitrogen uptake and N in grain A subsample of ∼1 kg was taken from both kernels and stover, after the total weights were determined. The subsamples were ground using a Brinkman-Retsch hammer mill to pass through a 1 mm mesh sieve, collecting subsamples of 1 oz (28.3 g) per sample. From these subsamples, an aliquot of 100-150 mg was taken to be analyzed in an autoanalyzer (TruSpec®, LECO®). Variables obtained were nitrogen concentration in grain (Ng, %) and N concentration in stover (Ns, %); then total nitrogen uptake (TNU) (kg N ha −1 ) was calculated as the sum of nitrogen in the stover (CSB × Ns/100) and the nitrogen in the grain (GY × Ng/100) as follows: TNU = (Ns/100) × CSB + (Ng/100) × GY.
Data and statistical analyses
Nitrous oxide flux calculations were performed using a spreadsheet program (Excel®, Microsoft 2010) and R-Studio 0.99.465 (R-Studio Team 2015) . Measured N 2 O flux was considered representative of the average daily N 2 O flux, because the gas sampling was performed between 1000 and 1400 h (Fassbinder et al. 2013) . Fluxes for the injected plots were corrected to account for potential overestimation of area-scaled fluxes due to placement of the chamber over the injection area. The equation used was as follows: Emission factor (EF, %) was calculated by subtracting the average cumulative emission produced by control plots from emissions for manure-applied plots and dividing the output by the rate of N applied (Asgedom et al. 2014) . Soil NH 4 + and NO 3 − concentrations were time scaled to obtain intensities as measures of the hypothetical accumulations of these variables in the soil over time ). Both soil ammonium and soil nitrate intensity (SAI and SNI, respectively) were calculated by the daily summation of concentrations, obtained through linear interpolation, between the beginning and the end of the experimental periods Zebarth et al. 2008 ).
We analyzed the data with a combined ANOVA including all years, because variances were homogeneous among years, according to Bartlett's test, and year interactions were not significant. Cumulative emissions, EF, TNU, Ng, CGY, SAI, SNI, and N 2 O intensity (NOI) (cumulative N 2 O emissions yield-scaled, in g N 2 O-N t grain −1 )
were analyzed with an ANOVA, using a sub-subplot model (main plot: year, subplot: source, sub-subplot: method). Nitrogen rate was considered as a covariate in the model to better estimate the mean-square error, provided its direct and positive relationship with N 2 O emissions (Halvorson et al. 2014 ). The analyses were run using the function aov in R-Studio Team (2015) , and the assumptions of the ANOVA were tested with Shapiro-Wilk's test (normality of residuals) and Bartlett test (homogeneity of variance). If model residuals were not normally distributed, the data were transformed using natural logarithm. Least significant difference (P < 0.05) test was performed to compare means when significant effects were found.
Results
Weather conditions
In 2014, the average air temperature was −7.3°C during the cold season (1 Nov.-31 Mar.), whereas in 2013, the air temperature was −2.4°C for the same period (Figs. 1a, 1b) . Average soil temperature during the cold season in 2014 was −0.9°C, whereas it was 0.7°C in 2013. During 2014, the snow layer was thicker than during 2013 (32 vs. 13 cm, respectively), reaching peaks of approximately 50 cm (Figs. 1a, 1b) .
The soil was wetter in 2013 than in 2014. The accumulated precipitation between 1 Nov. and 31 Mar. was 329 and 228 mm for 2012-2013 and 2013-2014, respectively. The 2013 growing season (mid-May to late October) was wetter than 2014 (683 vs. 508 mm, respectively) (Figs. 1c,  1d ). Soil water content was highest at the start of the growing season (March to mid-May) with WFPS of 100% and 90% for 2013 and 2014, respectively. Soil moisture fluctuations were greater for the 2013 growing season than for 2014, with WPFS ranging from 38% to 70% in 2013 and from 43% to 60% in 2014 (Figs. 1c, 1d ).
Dairy manure properties
Overall, AD and RM had different chemical properties (Table 1) . For example, AD had lower dry matter, lower organic carbon, lower C/N ratio, and higher total ammoniacal N than RM consistent with the removal of carbon through the digestion process.
Soil ammonium and nitrate temporal patterns and intensities
During the week following application, AD and RM had soil NH 4 + concentration with increased peak values compared with that of control plots consistently across years (24.0 ± 2.8 and 14.7 ± 2.9 vs. 1.4 ± 0.1 kg NH 4 + -N ha −1 , respectively) (Figs. 2a-2d) . After reaching the peak concentrations, the values decreased and were less than 10 kg NH 4 + -N ha −1 , except for April 2014 when injected AD still had values at ∼12 kg NH 4 + -N ha −1 (Fig. 2c ).
The temporal patterns followed by soil NO 3 − concentration were not consistent across years (Figs. 2e-2h ).
In 2012-2013, during the week following application, AD-and RM-treated plots had higher NO 3 − concentration peaks compared with that of control plots (16.0 ± 1.2 and 14.1 ± 2.2 vs. 3.7 ± 0.9 kg NO 3 − -N ha −1 , respectively) (Figs. 2e, 2f), whereas in 2013-2014, treated and control plots had similar NO 3 − concentration peaks within the week after application (9.0 ± 1.4 and 9.7 ± 1.3 vs. 7.7 ± 0.9 kg NO 3
) (Figs. 2g, 2h ). In 2013, the dynamics followed by soil NO 3 − was similar among treatments, with concentration peaks attained in April (16.4 ± 1 kg NO 3 − -N ha −1 ) and June (30.6 ± 1 kg NO 3 − -N ha −1 ) (Figs. 2e, 2f ). In 2014, injected AD produced NO 3 − concentration peaks that overpassed those of the other treatments, including RM plots, with the first peak in early May (39.5 ± 6.2 kg NO 3 − -N ha −1 ) and the second peak at end of June (62 ± 5.3 kg NO 3
) (Figs. 2g, 2h ). The ANOVA results revealed source-affected SAI, with AD having the highest values (1.21 ± 0.12 g NH 4 + -N kg soil −1 days) ( Table 2 ). There was a trend of interaction among year, source, and method (F = 3.3, df = 24, P = 0.05) on SAI (Table 2) , resulting in a significant interaction between source and method on SAI only during 2014 (F = 7.4, df = 15, P < 0.01, not shown), with the highest value for AD-INJ (2.15 ± 0.20 g NH 4 + -N kg soil −1 days, not shown). Soil NO 3 − intensity tended to be affected Table 2 ).
Temporal pattern of daily N 2 O emissions
Daily N 2 O emissions had a different temporal pattern according to source and method of manure application (Fig. 3) . In 2013, the main N 2 O emissions peak for AD was produced during January with the SB method (115 ± 38 g N 2 O-N ha
), whereas the main peak for RM was produced with either INJ (112 ± 51 g N 2 O-N ha
) at the end of May (Figs. 3a,  3b ). All the treatments overpassed the peak attained by the control plots (26 ± 16 g N 2 O-N ha Figs. 3a, 3b ).
In 2014, the highest N 2 O emissions peak for AD (448 ± 211 g N 2 O-N ha
) was attained by SBI, and the highest peak for RM (270 ± 158 g N 2 O-N ha
) was reached with SB treatment at the end of April, while control plots had a maximum of 62 ± 16 g N 2 O-N ha −1 d −1 (Figs. 3c, 3d ).
Cumulative N 2 O emissions
Cumulative N 2 O emissions were affected by the interaction between source and method (F = 4.0, df = 24, P = 0.03, Table 3), with the highest value for AD-SB (6.4 ± 1.3 kg N 2 O-N ha −1 ) and the lowest value for AD-INJ (2.6 ± 0.6 kg N 2 O-N ha −1 ) (Fig. 4a) . For AD, injection reduced cumulative N 2 O emissions compared with SB and SBI, whereas for RM, SBI reduced emissions compared with SB but produced similar emissions to injection (2.8 ± 0.9 vs. 5.3 ± 1.4 and 3.8 ± 1.3 kg N 2 O-N ha −1 , respectively) (Fig. 4a ). Significant differences between sources were found only for SBI plots with AD having larger N 2 O emissions than RM (5.4 ± 1.4 vs. 2.8 ± 0.9 kg N 2 O-N ha −1 , Fig. 4a ). Manure application method affected cumulative N 2 O emissions (F = 6.6, df = 24, P < 0.01, Table 3 ), with the largest value for SB plots (5.8 kg N 2 O-N ha −1 , not shown). The interaction between year and source tended to affect emissions (F = 5.29, df = 6, P = 0.06, Table 3 ), with a trend of the largest value for AD in 2014 (5.9 ± 0.8 kg N 2 O-N ha −1 , Supplementary Table S1 ). 2 There was also an overall trend of manure source effect on N 2 O emissions (F = 4.7, df = 6, P = 0.07, Table 3 ), with a tendency of the highest emissions for AD (4.8 ± 0.57 kg N 2 O-N ha −1 , Supplementary Table S1 ). 2 Source also tended to affect EF (F = 3.2, df = 24, P = 0.06, Table 3), with the highest value for AD (2.1%, data not shown) and the lowest value for RM (1.3%, data not shown). Method of application affected EF (F = 5.5, df = 24, P = 0.01, Table 3), with 1.5 = 1.2 >0.9% observed for INJ, SBI, and SB plots, respectively (Fig. 4b) .
Grain yield, N 2 O intensity, and N uptake
The interaction between source and method also affected GY (F = 4.1, df = 24, P = 0.03, Table 3), with the highest values for injected AD (9.2 ± 0.3 t grain ha −1 ), whereas the lowest values were reached using RM and SB treatments (7.8 ± 0.7 t grain ha −1 ) (Fig. 5a ). This interaction was detected only in 2013 (F = 7.8, df = 12, P < 0.01, Table 3 ), with the highest yields for RM-SBI and AD-SB (9.8 ± 0.5 and 9.7 ± 0.7 t grain ha −1 , respectively; Supplementary Table S1 ).
2
Nitrous oxide intensity was also affected by the interaction between source and method (F = 3.5, df = 24, P = 0.04), with the highest intensities for AD-SB, RM-SB, and AD-SBI (746 ± 386, 682 ± 251, and 670 ± 335 g N 2 O-N t grain −1 , respectively) and the lowest values for RM-SBI and AD-INJ (Fig. 5b, Supplementary Table S1 ). 2 Nitrogen uptake and N in grain were affected only by the method of manure application, with the greatest value for injected plots with no significant differences between SB and SBI (Fig. 6 ).
Discussion
Nitrous oxide emissions
It is well known that manure injection promotes soil N 2 O emissions by creating an anaerobic environment in the injection line (perforation lines in the soil left by the injection machine) (Comfort et al. 1990; Dosch and Gutser 1996; Flessa and Beese 2000; Velthof et al. 2003; Markfoged et al. 2011) ; however, in our study, injecting AD during fall reduced cumulative N 2 O emissions compared with that of broadcasted or broadcasted and incorporated AD (Fig. 4a) . In general, AD has been characterized by its low organic C concentration, low dry matter content, low viscosity, high infiltration rates, and high NH 4 + concentration (Petersen 1999; Möeller and Müller 2012) . These properties of AD and particularly the low organic C concentration have been shown to reduce N 2 O production compared with RM in several lab and field studies (Petersen et al. 1992; Petersen and Andersen 1996; Petersen 1999) ; however, no study has shown whether or not this N 2 O reduction by AD remains across application methods, so that our results shed some light in that regard. The injection of AD may give place to chemical and physical interactions between the injection zone and the soil matrix. The low viscosity of Note: Different lowercase letters between rows indicate significant differences between manure sources for SAI (P < 0.05, LSD). Different uppercase letters between rows indicate difference between years or sources for SNI (P < 0.05, LSD). The ANOVA summary included shows the effects of treatments for the 2 yr pooled together (data ln-transformed when needed). The sum of squares due to N rate was calculated in the model to better estimate residual sum of squares, but N rate effect was removed from the analysis. NS, not significant. AD facilitates its infiltration outside of the injection zone and deeper into the soil profile (Frey et al. 2012 ). This results in lower concentration of substrate for N 2 O production such as NH 4 + (Petersen 1999 ). In addition, N 2 O produced deeper in the soil profile has a longer diffusion path to the surface allowing N 2 O reduction to N 2 in the soil micropores, with a consequent decrease in N 2 O emissions (Markfoged et al. 2011) . High N 2 O emissions for RM with INJ complement our previous findings at the Elora site (Cambareri et al. 2017 ), where we found RM injection promoted N 2 O emissions consistently across years, albeit this study included spring treatments and an additional year of measurements. Our results suggest that injecting AD during the fall is a N 2 O mitigation practice that should be considered, because the low organic C in AD could contribute to reduce N 2 O emissions compared with RM.
Even though the overall trend for cumulative N 2 O emissions was to increase with AD addition (P = 0.07), there was no effect of source in either year. This was due to the fact that there was a confounding effect of source plus N rate each year, especially during 2013, when N rate for RM was larger than that of AD (182 vs. 127 kg N ha −1 , respectively, Table 1 ). When the N rate effect was isolated in the pooled-year analysis (P = 0.14, not shown), we were able to estimate the interaction of source by method effect on cumulative N 2 O emissions (P = 0.03, Table 3 ). The response of N 2 O emissions to N rate was likely limited by ammonia losses as discussed below. incorporation of RM (Fig. 4a) . This was presumably due to AD providing soil microorganisms with additional amounts of NH 4 + compared with RM (Table 1) . However, the processes leading to N 2 O production in this case are not known and would require other techniques such as stable isotope analysis to determine the path followed to synthesize N 2 O (Snider et al. 2017) . It has been suggested that soil microorganisms immobilize manure NH 4 + throughout the late fall to winter period and then release and oxidize the N in the following spring (Jensen et al. 2000) ; however, the occurrence of net immobilization during winter months after manure application was not detected in other studies (Clark et al. 2009; Jayasundara et al. 2010) . Our results are in contrast with Petersen (1999) , who working on spring barley with incorporated digested and undigested slurries found that the greatest N 2 O emissions were produced by untreated manure; however, in their study, manure was applied in spring and N 2 O fluxes measurements were performed only during the growing season.
Grain yield, nitrous oxide intensity, and N uptake Grain yield was also affected by the interaction between manure source and application method (Table 3 ) but in a different fashion than N 2 O emissions. For AD application, grain yield was consistent across methods, whereas for RM, grain yield produced by SB was lower than that of SBI and similar to that of INJ (Fig. 5a) . This difference between SB and SBI for RM-applied plots was likely due to SB plots attaining a very low grain yield during 2014 (7.49 ± 1.28 t grain ha −1 ), caused by an exceedingly high NH 3 loss (47 kg NH 3 -N ha −1 ). Grain yields attained with injection of either source were not consistent with crop N uptake observed for the same method (Fig. 6 ). This inconsistency suggests that grain yield was not associated with crop N uptake, and that it may have been constrained by other factors such as planting date (17 May in 2013 vs. 27 May in 2014), growing season length, and cumulative solar radiation interception (Hay and Porter 2006) . These results are in contradiction with our previous findings (Cambareri et al. 2017) , where injection promoted higher yields mostly due to results associated with a dry year, when grain yield in injected plots surpassed those of the other treatments. In addition, grain yield for injected AD was similar to that of injected RM, and the same trend occurred for yield in SBI plots. These results are in agreement with other studies evaluating AD vs. RM under different manure application methods. For example, Lemke et al. (2012) compared the effects of fall-injected AD and RM and did not find significant differences in corn yields, suggesting that fall-injected AD had an agronomic performance similar to untreated manure. Saunders et al. (2012) , working on reed canary grass (Phalaris arundinacea), found that neither aboveground biomass nor N uptake were increased with a subsurface incorporation of manure, regardless if the manure was raw or anaerobically digested; however, the dry matter was <4% for slurries in their study, and the authors attributed the absence of differences between methods to plant-growth disturbances caused by injectors. Nitrous oxide intensity behaved consistently with all the results discussed above, being affected by the interaction between source and method (Table 3) , and injected AD was the practice with the least N 2 O intensity compared with the other treatments (Fig. 5b) . Although AD injection did not boost grain yields, it reduced N 2 O emissions below the level of the other treatments and thus remained the most effective method of applying AD for agro-environmental benefits. Therefore, we predict that fall-injected AD will have lower N 2 O intensity than other methods of fall application of AD and RM.
Conclusions
Our hypothesis of decreased N 2 O emissions due to AD compared with RM across application methods was refuted, because AD produced similar or higher N 2 O emissions than RM with SB and SBI treatments, respectively. However, AD was proven to reduce cumulative N 2 O emissions when it was fall injected into the soil. Manure properties such as NH 4 + concentration, infiltration rate, and viscosity should be taken into account when deciding the source of N to be land applied. The injection of AD not only helps mitigate N 2 O emissions when properly applied but also results in corn yields with a low N 2 O intensity. The response of N 2 O emissions and yield during dry years should be considered in future studies, because our conclusions are based on findings from wet years in cold humid climatic conditions. . Nitrogen concentration in grain and N uptake as affected by method of application. Bars with the same lowercase letter indicate no significant differences (LSD, P < 0.05) among methods for N in grain. Bars with the same uppercase letter indicate no differences among methods for total N uptake (LSD, P < 0.05). Error bars indicate standard error of the mean. INJ: injected, SB: broadcasted, and SBI: incorporated manure.
